This series of 113 sequential biopsies of full facial transplants provides findings of potential translational significance as well as biological insights that could prompt reexamination of conventional paradigms of effector pathways in skin allograft rejection. Serial biopsies before, during, and after rejection episodes were evaluated for clinicopathological assessment that in selected cases included specific biomarkers for donorversus-recipient T cells. Histologic evidence of rejection included lymphocyte-associated injury to epidermal rete ridges, follicular infundibula, and dermal microvessels. Surprisingly, during active rejection, immune cells spatially associated with target cell injury consisted abundantly or predominantly of lymphocytes of donor origin with an immunophenotype typical of the resident memory T-cell subset. Current dogma assumes that skin allograft rejection is mediated by recipient T cells that attack epidermal targets, and the association of donor T cells with sites of target cell injury raises questions regarding the potential complexity of immune cell interactions in the rejection process. A more histopathologically refined and immune-based biomarker approach to assessment of rejection of facial transplants is now indicated. Modern Pathology (2014) 27, 788-799; doi:10.1038/modpathol.2013.249; published online 17 January 2014
Recent reports emphasizing the critical therapeutic importance of accurate diagnosis of transplant rejection 1 have stressed the imminent need for more precise clinicopathologic criteria and complementary application of relevant biomarkers. 2 The first systematic studies of any form of human allograft rejection were reported by Gibson and Medawar 3 in their classic description of skin rejection involving wartime aviators. 4 Early clues regarding the immunologic basis of skin graft rejection came from studies by Dvorak et al 5 and Bhan et al 6 that implicated both CD4 þ and CD8 þ T cells. These T-cell populations were presumed to be of recipient origin and considered to be primary effectors of epidermal and dermal microvascular target cell injury. With the recent advent of fullfacial transplantation, 7 detailed and sequential histopathologic surveillance for rejection in a manner seldom feasible for conventional skin allografts has become a necessity. However, existing schemas 8 for histologic recognition and grading of rejection in vascular composite allotransplantation are based primarily on allografts that may express relevant structural and immunological differences from facial tissues, eg, extremities (hand) and abdominal wall transplantations. Moreover, precise understanding of immune cell phenotypes that participate in rejection phenomena in this emerging frontier remains incomplete. Here, we report a detailed sequential clinicopathological study in five full facial transplant recipients who were successfully treated for rejection. These studies are complemented by biomarker immunophenotyping of three patients who experienced most significant and specific histopathological changes. Serial biopsies in our study revealed lymphocyte-mediated injury of microvessels, stem cell-rich epidermal and follicular microcompartments, and associated target cell apoptosis in anagen follicles that persists after therapy-induced remission. Importantly, T cells with immunophenotypes consistent with donor cells resident to the facial transplants are identified as major constituents of the rejection response, a finding with potentially important diagnostic and therapeutic implications.
Materials and methods

Patients
A total of five patients receiving facial transplants at our institution between 2009 and 2013 were evaluated with serial skin biopsies ( Table 1 and Figure 1 ). Pre-transplant protocols and standard of care measures to maintain immunosuppression and prevent rejection were employed, as previously described. 7, 9 Biopsies were obtained weekly during the first month after the procedure, and then at 3, 6, 9, 12, 18, and 24 months post-operatively or when clinically indicated ( Figure 1 ). One hundred and thirteen biopsies were evaluated for all five patients with clinical rejection, with a range of twelve to twenty-five biopsies per patient. Although some degree of relatively stable edema and redness was integral to the post-transplant setting, rejection was suspected when the following clinical signs became accentuated: erythema, swelling, induration, or mucosal ulceration. The clinical rejection was determined by physician global assessment for purposes of semi-quantitative comparison: 0 ¼ no rejection; 1 ¼ equivocal rejection; and 2 ¼ rejection strongly suspected (Figure 1 ). Histopathological assessment of rejection was rendered using the BANFF system for grading skin-containing composite tissue allografts 8 as follows: grade 0 ¼ 'no or rare inflammatory infiltrates'; grade I (mild) ¼ 'mild perivascular infiltration' (with no epidermal involvement); grade II (moderate) ¼ 'moderate-to-severe perivascular inflammation with or without mild epidermal and/or adnexal involvement'; grade III (severe) ¼ 'dense inflammation and epidermal involvement with epithelial apoptosis, dyskeratosis, and/or keratinolysis'; grade IV (necrotizing acute rejection) ¼ 'frank necrosis of epidermis or other skin structures'. All of the five transplanted patients had clinical and histopathological evidence of rejection; of these, three (patients 2, 3, and 5) exhibited confirmatory evidence of effector cell-mediated apoptosis of target cells within grafts (Banff grade III), and these were further evaluated by detailed biomarker profiling. As assessed by pre-transplant panel-reactive antibody testing, a screening test for reactivity against human leukocyte antigen (HLA) epitopes expressed in the general population, patients 2 and 5 were sensitized against 470% of the general population. Patient 5 was furthermore positive for specific HLA Blood type epitopes express by the selected donor, as determined by donor-specific antibody testing. All patients had negative CDC T-cell cross-matches before transplantation. Rejection episodes in two patients (patients 2 and 3) were preceded by selfinitiated decrease in immunosuppression. Serial biopsies obtained during rejection episodes were evaluated by conventional hematoxylin and eosin histopathology as well as by single and dual biomarker labeling approaches. The phenotypes of rejection were compared among patients as well as to pre-rejection specimens and samples taken after therapy-induced remission. Therapy consisted of a pulse of steroids followed by increase in maintenance immunosuppression. 7 Two instances of refractory cellular rejection were treated with steroids, and steroid resistance with thymoglobulin (rabbit ATG, Genzyme).
Immunohistochemistry and Immunofluorescence
All specimens were evaluated by conventional histopathology, and then further selected for biomarker evaluation. Immunohistochemistry was performed with pressure cooker heat-induced epitope retrieval on 5-mm-thick sections prepared from formalin-fixed, paraffin-embedded tissues. Figure 1) . Dual-labeling immunoflourescence was performed to complement immunohistochemistry as a means of two-channel identification of epitopes co-expressed in similar or overlapping sub-cellular locations (eg, where both are expressed by the cell membrane). Briefly, 5-mm-thick paraffin sections Biomarker evaluation of face transplant rejection were incubated with two primary antibodies generated in mouse and rabbit (detailed above) that recognize the target epitopes at 4 1C overnight and then incubated with Alexa Fluor 594-conjugated anti-mouse IgG and Alexa Fluor 488-conjugated anti-rabbit IgG (Invitrogen) at room temperature for 1 h. The sections were cover slipped with ProLong Gold anti-fade with DAPI (Invitrogen). Sections were analyzed with a BX51/BX52 microscope (Olympus America, Melville, NY, USA), and images were captured using the CytoVision 3 Á 6 software (Applied Imaging, San Jose, CA, USA). Single label immunofluorescence was also performed using isotype-specific irrelevant primary antibodies and with switching of the secondary antibodies to ensure specificity and exclude crossreactivity. FoxP3/CD8 ratios were generated via cell counting using an ocular grid micrometer over at least five high-power fields, and differences were statistically assessed using the one-way ANOVA analysis.
Results
Before clinical rejection episodes, all patients exhibited minimal perivascular and perifollicular lymphoid infiltrates in the absence of lymphoid migration into epithelium and evidence of epithelial apoptosis, and therefore were defined as grade 0 or I (of IV) based on Banff criteria. 8 Rejection in all patients coincided with development of clinical signs and shared the following histopathologic features: perivascular lymphoid infiltrates with evidence of endothelial injury that included cell sloughing into vessel lumens ('lymphocytic vasculitis'); lymphocyte migration into the epidermis and into pilosebaceous structures; and epithelial apoptosis spatially associated with infiltrating lymphocytes (this latter feature qualifying for Banff grade III ( pilosebaceous units (Figure 2a ). Biomarkers directed against donor and recipient histocompatability antigens were remarkable in that the majority (490%) of lymphoid cells infiltrating the epidermis and pilosebaceous epithelium were donor derived in all three patients so studied (Bw4 positive and B7 negative in patients 2 and 5, and Bw4 negative in patient 3; Figures 2 and 3) . Donor T cells were the predominant phenotype to be spatially associated with sites of intra-epidermal and intra-follicular target cell injury, where they often surrounded epithelial cells in a satellitosis pattern typical of cytotoxic cutaneous immune reactions, such as acute graft-versus-host disease; Figure 2 ). There was an approximately 50:50 admixture of donor/ recipient cells surrounding damaged vessels and within the surrounding dermis, although donor cells were consistently more intimately associated with luminal endothelium undergoing degenerative alterations ( Figure 2 ). Donor cells in the epidermal compartment proved by dual labeling to be exclusively dendritic-appearing CD8 þ T cells, with an admixture of donor and recipient CD8 þ and CD4 þ T cells in pilosebaceous and perivascular compartments (Figures 2 and 3) . Although T cells were strongly reactive for either donor or host histocompatibility antigens, the background staining of non-immune skin cells was variable, as has been previously described. [15] [16] [17] [18] Moreover, this trend was further influenced by use of formalin-fixed, paraffin-embedded tissue and the highly specific antibodies to selected HLA-B epitopes. 19 However, rigorous controls for specificity were possible by correlative identification of antibody staining with appropriate donor and recipient skin cell subpopulations (Supplementary Figure 1) .
In view of the recent discovery of abundant T cells indigenous to human skin and subcutis that express a Trm-cell phenotype, 20 we next sought to determine whether donor T cells present in facial allograft rejection expressed the Trm markers CD69 and CD103, as well as the skin homing receptor, CLA. [12] [13] [14] Unlike central memory T cells that circulate in the peripheral blood, donor T cells in rejecting allografts were predominantly (490%) of the Trm phenotype (CD69 þ , CD103 þ , CLA þ ). The majority of intraepidermal Trm cells also expressed CD8, a recently defined subclass of dendritic Trm that physiologically patrol the epidermal microenvironment for foreign antigens (Figure 3 ). 20 The ability to co-localize the donor MHC with the Trm phenotype (indicating a resident T memory Biomarker evaluation of face transplant rejection phenotype) provided additional confirmation of donor origin (Figure 3) . It also has been recognized recently that skin immunity regulated by Trm may be suppressed by the influx of recipient circulating FoxP3 þ regulatory T cells that express skin homing receptors. 10 Therefore, we next evaluated FoxP3:CD8 ratios before, during, and after rejection (Figure 4) . Although significance was not achieved in all patients, the individual experiencing most pronounced transitions from baseline to severe rejection to remission (patient 5) showed a statistically significant lesional decrease of the FoxP3:CD8 ratio during rejection that reverted to pre-rejection values following therapy (Po0.01; Figure 4 ). FoxP3-positive T cells, as expected, predominately expressed recipient histocompatability markers ( Figure 4 ).
All five patients showed similar alterations during rejection with respect to epithelial and vascular targeting; the three patients evaluated immunohistochemically all demonstrated similar distribution and relative numbers of donor-versus-recipient T cells in lesions as well as T-cell phenotype with regard to CD8/CD4 ratios and Trm-like phenotype (Figure 2 and Supplementary Figure 2) . Of note, apoptosis in anagen follicles persisted after therapyinduced reversal of T-cell infiltration, epidermal and vascular injury, and clinical signs of rejection (Supplementary Figure 2) , such that use of the apoptosis criterion in the setting of anagen follicular 
Discussion
As the first partial face transplantation was successfully completed in 2005, over 25 facial allografts have been performed globally. This innovation has already proven to be a valuable and feasible reconstructive procedure for social and functional rehabilitation in severely disfigured patients. 21 However, clinical assessment, histopathological diagnosis, and immunological mechanisms of facial composite allograft rejection remain incompletely studied, albeit being critical to further refinement of this new treatment option. Although a number of important studies have begun to address the issue of biomarkers and related immunopathology in vascular composite allotransplantation [22] [23] [24] [25] [26] [27] [28] [29] (particularly in hand transplantation), our study represents a detailed and sequential histopathologic and immunophenotypic assessment of full facial transplant rejection. Facial allografts represent a unique setting where rejection can be evaluated for cutaneous biomarker expression in multiple and sequential biopsies not required in routine skin allograft transplantation. Clinical manifestations of facial allograft rejection including skin redness, swelling, induration, or mucosal ulcerations may be difficult to assess because of changes inherent to the surgical procedure itself. 30 Moreover, ancillary markers for dysfunction of the transplanted tissue such as systemic monitoring of parameters for renal function are lacking in skin transplantation. Thus, serial histopathologic and biomarker assessment of transplanted tissue is of critical importance in rendering a timely diagnosis of early rejection as well as to guide proper immunotherapeutic intervention and adjustment over time. 30 In this regard, the pathology community represents a pivotal component of this new and exciting technology.
Currently, the Banff 2007 skin-containing composite tissue allograft working classification is largely accepted and used for grading of facial transplantation. 8 The Banff working classification is also used for diagnosis and grading of renal allograft pathology, where recently cited limitations include lack of formal incorporation of morphology, molecular, and genomic approaches. 31 For skin and soft tissue vascular composite allotransplantation, the Banff classification focuses primarily on extremity and abdominal allografts that are not entirely relevant to the microanatomical, immunologic, and dermatitic milieu of facial skin and soft tissue. To explore such issues, we have studied over 100 serial skin biopsies from five full facial transplantation patients with allograft rejection episodes, with the most prominent changes comprehensively evaluated by using relevant biomarkers. Our findings prompt a re-examination of the Banff 2007 criteria when applied to facial transplantation. The face as a unique anatomic site is often subjected to extensive sun-exposure and prone to a variety of conditions that may persist in allografts, such as rosacea, 32 seborrheic dermatitis, or other dermatoses that may confound application of Banff criteria. This is particularly germane to Banff grades I and II rejection that require only lymphocytic inflammation. Moreover, facial skin is structurally different from non-facial sites. This includes (a) increased density and distinctive microanatomy of pilosebaceous structures involved in rejection-related targeting; (b) frequent presence of excessive elastosis because of UV damage; (c) altered migration and function of dendritic immune cells (eg, Langerhans cells) as a result of chronic UVB irradiation; 33 and (d) potential presence of draining skin-associated lymph nodes in peri-parotid and subcutaneous tissues. Because skin and subcutis recently have been recognized to represent vast reservoirs for Trm cells that may elicit local immune responses, 20,34-36 donor T-celldriven predisposition to various dermatoses in transplanted facial allografts also must now be considered when establishing criteria for the diagnosis and grading of rejection. 30 It is noteworthy that lymphocytic vasculitis was a prominent feature of facial transplant rejection in our study and one in keeping with early descriptions of skin allograft rejection by Dvorak et al, where the dermal microvasculature was proposed to be a primary target. 5 This feature so prominently observed in rejecting facial skin is not included in the current Banff criteria for application to face transplant rejection. 8 Although lymphocytic vasculitis is associated with reproducible endothelial degenerative alterations, including cell sloughing, Figure 4 Histopathological and immunophenotypic findings of pre-rejection, active rejection, and remission after immunosuppressive therapy. Conventional hematoxylin and eosin (H&E) histopathology before and after resolution of rejection (top row) reveals only scattered lymphocytes in the dermis without evidence of epithelial infiltration; in contrast, rejection is characterized by the accumulation of lymphocytes around vessels (lower right of top middle panel) and epidermal infiltration (follicular infiltration not shown). Persistent follicular injury characterized by two follicular epithelial apoptotic cells is highlighted by a circle in the post-rejection biopsy (inset). By immunofluorescence (middle row), epidermal injury during rejection is associated with CD8-positive donor T cells (CD8 ¼ green, Bw4 ¼ red, co-expression ¼ yellow-orange), whereas pre-and post-rejection samples show only rare intraepithelial donor CD8-positive cells (blue ¼ DAPI). Rejection was also associated with a statistically significant decline in the FoxP3/CD8 ratio (patient 5), as indicated qualitatively by dual labeling immunohistochemistry (bottom row; CD8 ¼ brown, FoxP3 ¼ blue) and quantitatively via cell counting (graph). Dual labeling immunohistochemistry (HLA-B7 ¼ brown and FoxP3 ¼ blue) indicates that the FoxP3 positive (blue nuclear stain) are recipient (HLA-7 positive) cells (brown membranous stain).
it is important not to confuse it with neutrophilmediated vasculitis because of immune complex deposition, where fibrinoid vessel wall necrosis and nuclear fragmentation typically occurs. Accordingly, further refinements in grading schemas for facial transplant rejection should consider the microvasculature as a potentially informative indicator of disease activity. We also found that anagen follicular apoptosis, in contrast to epidermal apoptosis, persists in the remission phase following rejection (Figure 3 and Supplementary Figure 2) . This finding after rejection could confound assessment of active disease in the setting of follicular inflammation unrelated to persistent rejection (Banff grade III requires apoptosis and inflammation, as an indicator of severe rejection). 8 This point is particularly emphasized by predisposition of facial skin to show sparse perifollicular lymphoid infiltrates, and the documented occurrence of rosacea in donor skin of a previous transplant at our institution. 32 Mechanistically, it is likely that residual follicular apoptosis in anagen follicles post rejection relates kinetically to inability of follicular turnover to eradicate such cells as efficiently as the surface epidermis. 37 A preliminary schema for the histopathologic evaluation of full facial transplants that encapsulates the above concerns is offered in Table 2 .
The finding of abundant skin-resident T cells of donor origin as a major immune biomarker associated with vascular, pilosebaceous, and epidermal sites of injury in rejecting facial allografts was unexpected and represents a potential paradigm shift from the conventional view implicating recipient T cells as effectors. Streilein first drew attention to skin as an immunologic organ with the term 'skin-associated lymphoid tissue'. 38 Today, skin is recognized as a rich repository of resident lymphocytes that provide protection by patrolling for pathogens and other noxious antigens. 20, 39 In 2001, Hayday et al rekindled interest in T cells resident to the skin. 40 In 2003, Curry et al for the first time established the replicative potential of resident T cells exposed to variety of immunologic stimuli in healthy-appearing 'normal' human skin. 41 Finally, Clark, Kupper, and co-workers recently have shown that non-circulating pools of resident CD8 þ T cells are abundant in human skin and are capable of cytotoxic responses against vaccinia. 20 Such Trm cells also may respond to HSV infection, where the CD8 þ phenotype mediates epidermal involvement, and the CD4 þ subset is engaged in deeper dermal interactions. 39 The donor cells noted in the present study of facial allograft rejection express CD69, CD103 and CLA biomarkers, defining them as Trm cells. 35, [42] [43] [44] Their spatial association with sites of epithelial and endothelial injury strongly implicates donor T cells in the pathogenesis of rejection. The finding of donor Trm cells in facial allograft rejection occurring as much as 23 months after transplantation is consistent with the current belief that such cells remain in skin for long periods of time and are capable of immune responses many months after their initial recruitment. Although functional studies are now required elucidating the role of donor resident T cells in facial allograft rejection, it is unlikely that syngeneic donor keratinocytes and endothelial cells are their primary targets. The possibility that recipient epithelial or endothelial chimerism may provide targets for donor Trm cells was also considered, although this phenomenon was only infrequently 30 as may occur rarely when passenger leukocytes in organ transplants attack recipient tissues. However, we propose that our data, although descriptive and requiring functional validation, raises the possibility that facial allograft rejection involves a localized (intra-graft) graft-versus-host disease-like donor T-cell-mediated immune response directed against recipient leukocytes infiltrating the engrafted tissues. Our study has several significant limitations. Although the donor origin of T cells was determined at the levels of reactivity with a donor-specific class I epitope, absence of reactivity of recipient-class I epitope, and co-localization with three donor resident T-cell markers, it would be useful in future studies to further confirm these findings at the mRNA/DNA levels. However, such an approach would require immuno-guided laser capture microdissection in frozen tissue that was not available in the present study. In addition, expansion of immunophenotyping to include detailed analysis of dendritic cells of established importance in alloreactivity is now also indicated. 45 Site variation in determining in diagnosing and grading rejection must also be further explored, particularly in light of the robust study by Bergfeld et al, where examination of a large number of cutaneous and mucosal biopsies from a single face transplant patient indicated greater diagnostic sensitivity at the latter site. 29 Moreover, functional validation of the phenotypic findings presented herein will be required to more definitively understand the role of donor T cells in the rejection process. Finally, more comprehensive studies correlating detailed biomarker analysis of skin samples with systemic parameters of rejection are now indicated.
The finding of donor T cells as a major constituent of facial allograft rejection has several potentially important clinical implications. Although donor T cells are likely to participate in 'passenger dermatoses' inherit to the transplant procedure, their abundance in conjunction with onset of clinical signs of rejection coupled with their spatial association with specific target sites may have biomarker value in the diagnosis of facial allograft rejection. Moreover, antigenic stimuli at variable times after transplantation that may activate memory or cognate responses in donor cells resident within the facial allografts now must be considered, in addition to changes in immunosuppressive therapy, as possible provocative events for rejection-like phenomena. Whether pre-transplant manipulation of donor resident T cells in facial grafts will influence rejection remains to be examined. Resident T cells within tracheal allografts have been shown to be radiation sensitive, 46 raising the possibility that pretransplant irradiation or other means of purging donor T cells from grafts might influence the clinical course of rejection post-transplant. Major strides have already been accomplished in understanding vascular composite allotransplantation rejection and biology, [22] [23] [24] [25] [26] [27] [28] [29] and the Banff system is clearly useful in assessing allograft rejection. However, our findings underscore the critical role for further refinements in histopathology and biomarker application to the accurate diagnosis, therapeutic monitoring, and mechanistic understanding of vascular composite tissue transplantation.
